Abstract: This paper describes a method for particle manipulation in a liquid-core/liquid-cladding optical waveguide system.
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Introduction
Optofluidics, a compound word formed from the words photonics and fluidics, describes the research field in which optical and microfluidic technologies are combined. Optofluidics includes approaches in which the optical properties of a fluid may be changed simply by replacing the working fluid with a fluid having different optical properties [1] . We have obtained an optically smooth interface or gradient across flows formed by two fluid streams by tuning the diffusion properties between two flowing streams using immiscible or miscible fluids. The field of optofluidics has produced several technologies, including optofluidic microscopy, optofluidic optical components (e.g., fluidic lenses, prism, gratings, and resonators), optofluidic dye lasers, and optofluidic chemical/bio sensors (e.g., based on total internal reflection fluorescence microscope (TIRFM) or surface-enhanced Raman spectroscopy (SERS)) [2] [3] [4] [5] [6] [7] [8] [9] . As the demand for particle and biological particle manipulation in microfluidic channels has expanded to the research fields of micro total analysis system (µ-TAS), life sciences, and drug discovery/screening, a variety of particle manipulation methods based on lab-on-a-chip microfluidic systems, have been developed. Thus far, dielectrophoretic, magnetophoretic, hydrodynamic, surface acoustic wave-driven, and optical particle and biological particle manipulation methods have been reported [10] [11] [12] [13] [14] . Among these, optical manipulation is the most widely employed because it is noninvasive and relatively easy to implement compared to other methods. Optical particle manipulation using a laser beam was first demonstrated by Ashkin [15] . Since then, numerous optical particle manipulation methods have been developed [16] [17] [18] [19] [20] [21] [22] . Radiation forces, which provide the driving force in optical particle manipulation, are composed of two components: scattering and gradient forces, which act parallel and perpendicular to the direction of the illumination beam, respectively. In general, the scattering force exerts a force on the particles along the direction of the illumination beam if the thermophoretic effects due to absorption of the beam power by the surrounding medium can be neglected. The effects of the gradient force depend on the contrast between the refractive indices of the particle and the surrounding medium. Several researchers have developed optical manipulation systems for high-refractive-index (n particle > n liquid ) or lowrefractive-index (n particle < n liquid ) particles, where n particle and n liquid are the refractive indices of the particle and the working fluid, respectively [23] [24] [25] [26] [27] . Depending on the system configuration, either the scattering or gradient force could be utilized as the major driving force for particle manipulation. The characteristics of optical particle manipulation were evaluated in terms of the physical and chemical properties of the particles, such as the size, shape, and refractive index. More recently, optofluidic-based particle manipulation systems have been reported [28] [29] [30] [31] . Several types of waveguide designs, including slot waveguides and plasmonic waveguides, have been employed to realize these systems.
Waveguides may be divided into two categories: total internal reflection-(TIR-) and interference-based waveguides. Evanescent, liquid-core, nanoporous cladding, liquidcore/liquid-cladding (L 2 ), and slot waveguides are examples of TIR-based waveguide systems. Bragg fibers, hollow-core photonic crystal fibers, and antiresonant reflecting optical waveguides (ARROW) are examples of interference-based waveguides [32] . The L 2 optical waveguides, first reported by Wolfe et al. [33] , has been widely studied in the context of potential applications because they are optically flexible and easily constructed using a core fluid and two cladding fluids. The core fluid is horizontally sandwiched between the cladding fluids. The size of the core may be controlled by the flow rates of the cladding fluids, indicating that it is possible to adjust the number of modes guided through the L 2 waveguide via the flow rate balance between the core and cladding fluids. Light delivery and evanescent coupling through microfluidic channels or dye lasers using L 2 waveguide systems have been demonstrated [33] [34] [35] . The present L 2 waveguide system has not yet been used for optical manipulation of particles. Furthermore, techniques for continuously manipulating particles based on the particle refractive indices have not yet been investigated.
The present study examined optofluidic particle manipulation in a liquid-core/liquidcladding (L 2 ) optical waveguide from a theoretical perspective. Particles with refractive indices either higher or lower than the surrounding medium could be separated via the negative of the gradient force. The characteristics of the spherical microparticle motion in the step-index and graded-index (GRIN) waveguides were evaluated in terms of the particle refractive index, flow velocity in a microfluidic channel, particle size, laser beam power, and beam waist of the guided laser. A step-index waveguide was simulated based on two immiscible fluids, and a GRIN waveguide was modeled by solving the time-varying one-dimensional diffusion equation. Particles with refractive indices of 1.59, 1.48, 1.37, and 1.22 were considered to model the artificial particles commonly used in optical chromatography. Optical losses along the flow direction and at the liquid-liquid interface were neglected. The guided beam was assumed to be Gaussian in shape. The feasibility of using the system described here for real-time continuous particle separation is discussed. Figure 1 shows a schematic diagram of the liquid-core/liquid-cladding (L 2 ) waveguide particle separation system. As high-and low-refractive-indices particles flow along the core stream of the L 2 waveguide system, high-refractive-index particles are pulled into the center of the core stream due to the positive gradient force that acts at the highest intensity region of the beam, whereas low-refractive-index particles are repelled from the center of the core due to the negative gradient force, which acts in the opposite direction of the positive gradient force [36] . Figure 2 shows the force balance in the L 2 waveguide particle separation system. The particle motion in the region in which the radiation and hydrodynamic (viscous) forces act can be explained by Newton's second law:
Theory
where net F , rad F , and v F denote the net force, radiation forces, and viscous drag force on a particle, respectively. m p is the particle mass and U is the particle velocity vector. The gravitational force is neglected in Eq. (1). The viscous drag force on a particle is given by where µ is the dynamic viscosity of the working fluid, r p is the radius of particle and U is the flow velocity. Substitution of Eq. (2) into Newton's second law [Eq. (1)], yields two force equations:
The flow velocity is assumed to be uniform. F s and F g are the scattering and gradient forces, respectively.
The radiation forces, composed of the scattering and gradient forces, can be analytically expressed by either of two different forms: the Rayleigh scattering model and the geometrical optics model [36] . The Rayleigh scattering model is useful for calculating the radiation forces on particles smaller than the wavelength of the illumination beam; however, most optical particle manipulation techniques involve micron-sized particles that are comparable in size to biological cells. Hence, the geometrical optics model, which is useful for calculating the radiation forces on particles larger than the wavelength of the illumination beam, was employed here. In the present study, it was necessary to calculate the radiation forces acting on particles in an arbitrary refractive index profile because the particles experienced nonhomogeneous surrounding media. L 2 waveguide can be constructed to yield an index of refraction profile that is either a step or a gradient function, depending on the characteristics of the core and cladding fluids. Immiscible core and cladding fluids are used to construct step-index waveguides. GRIN waveguides are constructed using miscible core and cladding fluids. Lee et al. [36] expressed the scattering and gradient forces on a microsphere embedded in an arbitrary refractive index profile as:
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where c denotes the speed of light in free space and ( ) 
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where P is the power of the guided beam and ( ) x ω is the beam radius along the x-direction. The guided beam in the present system has a number of modes. However, the Gaussian assumption is valid because the fundamental mode is prominent compared to other higherorder modes [33,37]
Results and discussion

Refractive index profile
The present study modeled particle motions in the step-index or GRIN waveguides. Each waveguide was simulated by calculating the refractive index profiles for the single core and double cladding streams. The step-index waveguide was modeled as including a certified refractive index matching liquid (n = 1.50; Cargille Labs Inc., USA) and de-ionized (DI) water (n = 1.33) as the core and cladding liquids, respectively. Since the refractive index liquid is poorly soluble in DI water, the two fluids may produce an excellent step-index waveguide throughout the microfluidic channel. The flow profile in the microfluidic channel minimized mixing, and the core and cladding liquids flowed along the flow direction without interacting. The GRIN waveguide was simulated using an aqueous solution of CaCl 2 (8 M, n = 1.50) and DI water as the core and cladding liquids, respectively. The diffusion coefficient 
where C is the concentration of the solute. In the present study, the diffusion equation satisfied the initial conditions
and the boundary conditions were ( )
where W is the width of the microfluidic channel. Figure 3 shows refractive index profiles along the direction of flow in the L 2 waveguide particle separation systems. The width and length of the computational domain over the microfluidic channel were 50 µm and 200 µm, respectively. The width of the core stream at the inlet was 10 µm. The fluid velocity was set to 300 µm/s under the assumption of uniform flow. The step-index waveguide preserved the boundary between the refractive indices of the core and cladding fluids along the flow direction, whereas the refractive index profile of the GRIN waveguide varied continuously along the flow direction due to diffusion of the CaCl 2 solute from the core to the cladding fluid. Hence, for the GRIN waveguide, the beam radius shown in Eq. (7) was calculated from the computed refractive index profile for the given xposition. Immiscible fluid-fluid interfaces are generally uniform and both hydrodynamically and optically smooth due to the surface tension [1] . Fig. 3 . Refractive index profiles along the direction of flow in the L 2 waveguide particle separation systems: (a) step-index and (b) GRIN waveguides.
Predicted particle motions with different refractive indices
Microspheres made from polystyrene latex (PSL), poly(methyl methacrylate) (PMMA), silica, and hollow glass, all of which are commonly used in optical manipulation experiments, were modeled as having, respectively, refractive indices of 1.59, 1.48, 1.37, and 1.22. Figure 4(a) shows trajectories of particles with various refractive indices in the L 2 stepindex waveguide. Particles were injected initially at y = 3 µm. The major driving force for particle separation in this system was the gradient force. Particles with a refractive index of 1.59 were focused at the center of the core stream along the flow direction due to a positive gradient force. Particles with a refractive index of 1.22 diverged from both the core flow and the cladding stream along the flow direction due to a negative gradient force. Continuous divergence was observed in both the core and cladding regions for particles with a refractive index exceeding the refractive indices of the core and cladding liquids, leading to a continuous negative gradient force acting on the particle. Particles with refractive indices of 1.48 and 1.37 first diverged from the core and entered the cladding fluids due to a negative gradient force. The particles subsequently flowed parallel to the flow direction at some yposition because the refractive indices of these particles were intermediate between the refractive indices of the core and cladding fluids, leading to a balance of forces between the negative and positive gradient forces acting on the fluids. The slope of the particle displacement (i.e., d d y x ) was higher in the cladding fluid than in the core fluid because the net gradient force acting on a particle increased at the interface between the core and cladding fluids. Figure 4 (b) shows trajectories for particles of various refractive indices in the L 2 GRIN waveguide. The particle motions in the system were less dynamic than in the step-index waveguide system because the beam waist expanded along the flow direction due to solute diffusion from the core fluid to the cladding fluid. This feature of the GRIN waveguide flow may be advantageous in practical applications because the GRIN waveguide can reduce the problems observed in the step-index waveguide, such as modal dispersion. Reduced modal dispersion preserves the shape of the optical intensity profile along the direction of propagation in the guided beam because the differences between the phase speeds of each mode may be reduced [39] . Because the gradient force results from a gradient in the optical force profile, reduced modal dispersion can ensure reliable particle motion. Particles with a refractive index of 1.59 were focused to the center of the core fluid, as was observed in the step-index waveguide. Similarly, particles with a refractive index of 1.22 diverged from the core fluid and flowed with the cladding liquids. Particles with refractive indices of 1.48 and 1.37 first diverged from the core fluid, then slightly converged back toward the core fluid once in the cladding fluids. This behavior resulted from the diffusion of the solute from the core to the cladding fluids. Initially, the particles diverged outward due to the negative gradient force. However, the difference between the refractive indices of the core and cladding liquids lessened along the downstream direction due to diffusion. Hence, the refractive indices of the particles became larger than the refractive index of the surrounding fluid, leading to a positive gradient force. The effects of the flow velocity on particle motion in the system were estimated by evaluating the characteristics of the particles in flows with velocities between 100 to 400 µm/s. Figure 5 shows the trajectories of particles flowing with various velocities in the step-index and GRIN waveguides. Particles with a refractive index of 1.59 were considered. The force balance diagram shown in Fig. 2 indicates that the force acting perpendicular to the direction to flow (the gradient force) was relatively higher than the force acting parallel to the direction of flow (viscous and scattering forces) for low flow velocities. Hence, the slope of the particle displacement increased as the flow velocity decreased. The slope of the particle displacements was smaller in the GRIN waveguide than in the step-index waveguide, as shown in Fig. 5(b) , due to diffusion of the solute from the core to cladding liquids. In the GRIN waveguide, the y-directional diffusion increased along a certain distance in the xdirectional as the flow velocity decreased, leading to a rapid reduction in the refractive index difference between the core and cladding fluids along the direction of flow; however, the higher gradient force due to the low velocity compensated for the decline in the refractive index differences. Therefore, the slope of the particle displacements increased slightly as the flow velocity decreased.
Effect of the flow velocity
Effect of the laser power
The presence of a laser beam guided through the waveguide affected the particle motion. This effect was found to be power-dependent, and the effects of laser powers between 0.5 and 2.0 W were examined. Biological particle manipulation techniques (e.g., hydrodynamic, dielectric, electrophoretic, or magnetophoretic) frequently incur unwanted cell damage due to the large amount of energy exerted on the particles. Several studies reported that the optical forces applied within certain laser power ranges did not significantly influence the cell viability measured after application of the optical force [40, 41] . Figure 6 shows the trajectories of particles in systems in which laser beams with a range of powers were guided through the L 2 step-index and GRIN waveguide systems. In general, the slope of the particle displacement increased as the laser power increased due to an increase in the gradient force. The particle motions in the optical force field could be explained in terms of the dimensionless number S corresponding to the ratio between the optical force and the viscous drag force, as first expressed by Kim et al. nP r S r U π ω = πµ (12) As S increased, the particle motion became nonlinear due to an increase in the optical force. In the step-index waveguide system shown in Fig. 6(a) , the slope of the particle displacement became nonlinear as higher laser powers. On the other hand, in the GRIN waveguide system shown in Fig. 6 (b) yielded linear particle trajectories in all calculations because the beam waist was extended along the flow direction because solute diffusion from the core to the cladding fluids compensated for the increase in the gradient optical force. 
Effects of particle size
The present system provides a model of particle motion in the context of biological particle separation/manipulation for particles with diameters from 1 to 5 µm. Figure 7 shows the particle trajectories for various particle sizes in the L 2 step-index and GRIN waveguide systems. The slope of the particle displacement increased with the particle size in both systems. As the particle size increased, the particle motions became nonlinear due to an increase in the S number. This implied that the particles could be separated based on size if the length of the L 2 waveguide were appropriately adjusted. In the GRIN waveguide system, 1 µm particles showed only small displacements. As discussed above, the particle motion could be enhanced by controlling other parameters, such as the laser power and the flow velocity. Fig. 7 . Particle trajectories for various particle sizes: (a) step-index and (b) GRIN waveguides.
Effect of the beam waist
Figure 8(a) shows particle trajectories in the presence of beams with a range of initial beam waists in the step-index waveguide system. Because the gradient force was determined by the gradient of the optical intensity, the slope of the particle trajectories increased as the initial beam waist decreased. Simultaneously, particle motions became nonlinear as the beam waist decreased due to a higher S number. In the GRIN waveguide shown in Fig. 8(b) , however, the initial beam waist did not play an important role in the particle motions because the extension of the beam waist along the flow direction as a result of solute diffusion was so dramatic that the change in the initial beam waist was meaningless. 
Conclusions
In the present study, particle motions in a liquid-core/liquid-cladding waveguide particle separation system were analyzed. The characteristic microparticle motions in both the stepindex and graded-index (GRIN) waveguides were evaluated by considering particles with four different refractive indices of 1.59, 1.48, 1.37, and 1.22. The guided beam was assumed to be Gaussian in shape. Our results showed that particles with refractive indices higher than that of the medium (high-refractive-index particles) converged to the center of the core fluid due to a positive gradient force. The opposite behavior was observed for particles with a refractive index lower than that of the medium (low-refractive-index particle). Nonlinearities in the particle motion became more prominent as the flow velocity and beam waist of the guided beam decreased and as the laser power and particle size increased. Interestingly, the initial beam waist of the guided beam did not significantly affect the characteristics of particle motions in the GRIN waveguide system due to solute diffusion. Our results suggest that liquid-core/liquid-cladding waveguides may be useful for applications involving refractive index-driven artificial, functional, or biological particle manipulations. The behavior of the present system may be tuned by controlling the particle size, the laser source power, and the flow velocity, among other parameters.
